High phosphorus and low iron-content groundwaters from the southern Nishinomya district (Miyamizu groundwater), Japan, were analyzed for rare earth element (REE) and some major element concentrations. The chondrite-normalized REE patterns of these groundwaters are characterized by strong heavy REE enrichments relative to light REE, and slight-to-moderate negative Ce anomalies. The magnitude of Ce anomaly increases with decreasing Fe and increasing NO 3 -contents and pH. Such correlations are explained by the redox changes with depth in the area. The heavy REE inclinations of the chondrite-normalized REE patterns correlate positively with Ca and Mg contents and negatively with Fe contents. Heavy REE enrichment is explained by successive water-rock interactions supplying REE to the water in which differential scavenging of light REE by particulate matters occurs. The high P characteristic is achieved by the decomposition of biogenic materials under oxidizing conditions. The low Fe concentration of these groundwaters is ascribed to precipitation of Fe-hydroxides and their subsequent filtration as groundwater flows through the aquifer. The low P and high Fe groundwaters are thought to originate from a deeper aquifer experiencing reducing conditions. The unique geochemical characteristics of the groundwaters of the study area may be closely related to a peculiar geological situation in which an organic-rich layer is seated at relatively shallow depths within an aquifer of relatively large permeability.
High phosphorus and low iron-content groundwaters from the southern Nishinomya district (Miyamizu groundwater), Japan, were analyzed for rare earth element (REE) and some major element concentrations. The chondrite-normalized REE patterns of these groundwaters are characterized by strong heavy REE enrichments relative to light REE, and slight-to-moderate negative Ce anomalies. The magnitude of Ce anomaly increases with decreasing Fe and increasing NO 3 -contents and pH. Such correlations are explained by the redox changes with depth in the area. The heavy REE inclinations of the chondrite-normalized REE patterns correlate positively with Ca and Mg contents and negatively with Fe contents. Heavy REE enrichment is explained by successive water-rock interactions supplying REE to the water in which differential scavenging of light REE by particulate matters occurs. The high P characteristic is achieved by the decomposition of biogenic materials under oxidizing conditions. The low Fe concentration of these groundwaters is ascribed to precipitation of Fe-hydroxides and their subsequent filtration as groundwater flows through the aquifer. The low P and high Fe groundwaters are thought to originate from a deeper aquifer experiencing reducing conditions. The unique geochemical characteristics of the groundwaters of the study area may be closely related to a peculiar geological situation in which an organic-rich layer is seated at relatively shallow depths within an aquifer of relatively large permeability.
Fe
2+ /Fe 3+ , NO 3 -), although reduced Eu (i.e., Eu 2+ ) is not likely to be significant in the low temperature waters (Sverjensky, 1984) . Phosphorus concentrations in waters are also affected by redox states. For example, P is scavenged by coprecipitation with Fe hydroxide in oxidizing conditions, whereas decomposition of P-bearing minerals (e.g., vivianite Fe 3 (PO 4 ) 2 ) under reducing conditions supplies P to the water (e.g., Emerson and Widmer, 1978; Drever, 1988; Murphy et al., 2001) . Thus Ce and Eu anomalies in the REE patterns may correlate with P and Fe concentrations in groundwaters. However, relationships between Ce, Eu anomalies and redox
INTRODUCTION
Rare earth element (REE) abundances in various kinds of geological materials such as igneous rocks and seawaters have been extensively studied because of their unique chemical characteristics (e.g., Henderson, 1984) . Recently, groundwaters have also been investigated for REE abundances (e.g., Smedley, 1991; Gosselin et al., 1992; Dia et al., 2000; Johannesson and Hendry, 2000) . Of particular interest is that the anomalous behavior of Ce and Eu relative to other trivalent REE (i.e., Ce and Eu anomalies) may be related to the concentrations of redox sensitive ions (e.g., sensitive components in groundwaters have scarcely been examined, and require much further investigation to be better understood.
In order to examine these relationships, groundwaters having a wide range of P and Fe concentrations from the southern Nishinomiya district, Japan, proved to be very suitable. The groundwater from a small area in the southern Nishinomiya district has traditionally been used for brewing Sake (Japanese rice wine) and is called Miyamizu (miya comes from the name of the district, Nishino-miya, and mizu means water in Japanese). The high quality of the Miyamizugroundwater for brewing Sake is attributed to the high concentrations of nutrients such as P for promoting fermentation (Taoka, 1974; Kusaka, 1987) . Because of its importance to the Sake brewing industry, both the geology and hydrology of the area have been extensively investigated (e.g., Taoka, 1974; Kusaka et al., 1980; Sumikawa, 1990; Takaoka, 2001) .
The Miyamizu groundwater flows through a shallow unconfined aquifer at a depth of 2 to 3 m. This aquifer, known as the Miyamizu aquifer, is mainly composed of yellowish to brown color sandy gravels (Sumikawa, 1990) . The lowest part of the aquifer is composed of a clay-rich fine sand layer of relatively low permeability.
The Miyamizu groundwater is already known to be characterized by high P and low Fe concentrations. The average PO 4 3-concentration of 11 Miyamizu groundwaters is 6.99 ppm, which is much higher than 0.582 ppm for the average PO 4 3-concentration of 65 Sake-brewing groundwaters from other areas in Japan (Sumikawa, 1994) . These Miyamizu PO 4 3-concentrations are also high in comparison with those of other shallow groundwaters near the Nishinomiya area: for example, average PO 4 3-concentrations of five shallow groundwaters from the Mikage and Uozaki areas, eastern Kobe City, are 0.78 and 0.27, respectively (Sumikawa, 1994) .
The high P feature of Miyamizu groundwater has been ascribed to decomposition of plankton or other organisms deposited when the area had been a part of the Muko-river delta or a small marine inlet, with the low Fe feature being caused by filtration of Fe-hydroxides during groundwater flow in the aquifer (e.g., Taoka, 1974; Kusaka et al., 1980; Sumikawa, 1990) . Such a well-investigated area is advantageous for the study of trace element behaviors during groundwater genetic processes. This study reports REE and some major element concentrations in the different types of the groundwaters occurring in the southern Nishinomiya district, Japan.
GEOLOGIC BACKGROUND
The alluvial plain on which the urban areas of Nishinomiya and neighboring cities are developed is located between the Rokko Mountains and Osaka Bay (Figs. 1 and 2). The Rokko Mountains are mainly composed of biotite-granite of late Cretaceous age. Simplified stratigraphic columns for the Miyamizu area (Fig. 3, from Sumikawa, 1990) , illustrate the sedimentological framework of the aquifer zone. The Miyamizu aquifer, which occurs a few meters below the surface (Sumikawa, Fig. 1 1990; Taoka, 1974; Takaoka, 2001) , is within alluvium sediments consisting of medium to coarse sand with some gravel, having hydraulic conductivities (K) ranging from 3 × 10 -1 cm/sec to 2 × 10 -3 cm/sec (cf., Domenico and Schwartz, 1990 ). The aquifer lies beneath a few meters of surface soil, and has a thickness of about 1 to 2.5 meters (note that the thickness or depth of the aquifer is variable, and the values cited here are generalized). The impermeable layer (K < 5 × 10 -4 cm/sec) seated below the aquifer is a clay-rich sand of dark-gray color, and is characterized by intercalated thin limonite bands and seashells. The impermeable layer occurs at about 5 to 6 meters below the surface. Beneath this aquiclude layer, the color of the sediments changes to bluish-gray. Water from wells penetrating below this layer contain abundant Fe and ammonium, suggesting the deeper groundwaters are anoxic, and consequently the wells used to extract water for brewing Sake are always shallower than the aquiclude (Taoka, 1974) .
Previous research into the paleogeography and history of this region (e.g., Taoka, 1974) has constrained the environments and processes responsible for the formation of these strata. The clayrich impermeable bed described above (i.e., the aquiclude) was formed during the early Pleistocene, and corresponds to the bottomset bed of the Muko-river delta (e.g., Taoka, 1974) . The delta and a spit composed of transported materials from the Syuku-river are thought to have formed a small marine inlet or lagoon. Repeated flooding of the Syuku-and Mitarashi-rivers subsequently deposited the Miyamizu aquifer materials in this lagoon. About two thousand years ago, the Miyamizu area was located near the mouth of this marine inlet, becoming isolated in about the 3rd century. The resulting lake remained until about 500 years ago, after which time the lake sediments were buried.
SAMPLES AND ANALYTICAL METHODS
The individual sampling localities are shown in Figs. 1 Sumikawa, 1990) . Note that the Miyamizu aquifer is shallow, and consists of sandy gravels underlain by a dark bluish-gray fine sand bed. The levels of watertables in summer and winter are indicated by "s-" and "w-", respectively. groundwaters from seven localities in the southern Nishinomiya district were also analyzed (sites 3-9; Fig. 2 ). For comparison, one groundwater sample was collected from the Mikage area, which is located outside the southern Nishinomiya district but is located on a similar alluvial plain between Mt. Rokko and Osaka Bay. Two river waters (Mitarashi and Syuku rivers) were analyzed as possible sources of the groundwaters in the southern Nishinomiya district (sites 10 and 11; Figs. 1 and 2) . The Mitarashi river sample is a small natural stream water without anthropogenic pollution, but the Syuku river samples are affected by influx of domestic wastewater drainage. Most samples were collected using the pumps installed in the wells, but in some cases a plastic bucket was used for collection. Well samples were taken from shallow depths, in all cases ranging from about 2.5 to 5 meters. Note that the groundwater level in the Miyamizu area rises about 60 cm in the summer (pluvial season) from its lower winter level (dry season) ( Fig. 3 ; Sumikawa, 1990) . Most samples were collected during late spring to early summer. Because PO 4 3-concentrations of the well-water from the Mosyo-zenji vary largely with season (Mosyo-zenji: personal communication), five sample collections at different occasions were made for that well (MO-series samples).
All the water samples were immediately filtered through a 0.45 µm membrane filter and stored in polyethylene bottles. In the field, the alkalinity was measured by titration with 0.02N H 2 SO 4 to a final pH value of 4.8 in non-filtered water. For anions, PO 4 3-and silica analyses, the sample bottles were placed in a freezer within about two hours of sample collection. For REE and other cation analyses, the samples were acidified with HCl and stored at room temperature.
Anions (F -, Cl -, NO 3 -, SO 4 2-) were measured by ion chromatography. For PO 4 3-and silica measurements, colorimetric methods using the molybdenum blue complex were applied. Major cations (Na, K, Ca, Mg) were measured by atomic absorption using Sr for the interference suppressor on a Hitachi Z-8200 machine. Contents of Fe and Mn were measured by standard addition using flameless atomic absorption. REE, Ba and Sr were measured by mass-spectrometric isotope dilution using a thermal ionization mass-spectrometer (JEOL 05RB). These elements were firstly separated from major elements by coprecipitation with ferric-hydroxide (e.g., Masuda and Ikeuchi, 1979) . Purification and further separation of light REE, heavy REE, Ba and Sr were performed by a conventional cation exchange column method. In order to avoid Ba interference on La measurements, nitric acid was used for elution (Jahn et al., 1980) . For some of the light REE data, corrections of total analytical blanks were necessary up to about 10% maximum.
RESULTS
The analytical results of the major components and trace elements are presented in Tables 1 and  2 , respectively. Some major components are plotted against alkalinity in Fig. 4 , and some weak trends are seen in the plots of Ca, Na, K and SO 4 2-. These tendencies are consistent with previous data for the stream waters from the Mt. Rokko area (e.g., Kitano et al., 1967) .
Data points on the Fe-HCO 3 diagram lie in two separate trends or groups (i.e., high and low Fe groups) as indicated by arrows on Fig. 4 . Similarly, two different trends or groups can be seen on the diagrams of Mg, PO 4 3-, F -and NO 3 -(see Fig. 4 ). The samples belonging to the high Fe group tend to have higher concentrations of PO 4 3-, F -and NO 3 -than the river water values, although the Mg concentrations for both trends increase with increasing HCO 3 -. Given that on these variation diagrams, the stream waters from the Rokko granite area show simple trends for Mg, Fe, Cl -and NO 3 -(e.g., Kitano et al., 1967) , the above mentioned two trends suggest a contribution of two or more different mechanisms to the processes of groundwater formation (see below).
In addition to the above features, there are vague positive correlations in pairs of Cl-SO 4 , PO 4 -NO 3 , Na-SO 4 , and Fe-SiO 2 . Moreover, Fe and SO 4 contents seem to be related to pH (Fig. 5 ). The relatively low pH samples (<7.5) show wide variation of Fe contents, whereas the higher pH samples (>7.5) have low Fe contents (Fig. 5a ). The SO 4 2-contents of the low pH samples (<7.5) decrease with increasing pH, while those for the high pH samples seem to increase with increasing pH (see Fig. 5b ). The pH change may be caused by oxidation of sulfide (e.g., FeS 2 ), and this will be discussed later.
Chondrite-normalized REE patterns for the groundwaters from the southern Nishinomiya district are illustrated in Fig. 6 . These REE patterns are characterized by strong heavy REE enrichments, small negative Ce anomalies and moderate negative Eu anomalies. A marked feature of these REE patterns is the large difference between light and heavy REE, which exceeds more than two orders of magnitude. In comparison to typical river waters, the heavy REE are enriched, while light REE are depleted in the Nishinomiya groundwaters. For example, Elderfield et al. (1990) reported the REE data of 15 river water samples from USA, UK and the Amazon and their chondrite-normalized values of La range from 4.7 × 10 -5 to 1.3 × 10 -4 , and those of Lu range from 1.5 × 10 -5 to 1.4 × 10 -4 . By contrast, our La values range from 4.1 × 10 -6 to 1.7 × 10 -4 , and Lu values range from 6.8 × 10 -5 to 3.3 × 10 -2 . The REE abundances normalized to local silicic crustal rocks are illustrated in Fig. 7 . The normalizing values are the average values of 12 silicic rocks in the Hyogo Prefecture where the study area is included (Terakado and Masuda, 1988) . These values are similar to those of the shales such as PAAS (Nance and Taylor, 1976) or NASC (Haskin et al., 1966) . Ce anomalies are also apparent in Fig. 7 , as are relative enrichments of heavy REE with respect to light REE.
The river water REE data measured for comparison are shown in Fig. 8a . Two data sets for the Syuku River are also characterized by chondrite-normalized heavy REE enrichments, Masuda et al. (1973) .
small Ce anomalies and moderate Eu anomalies, similar to the groundwater features. The Eu anomalies for both ground and river waters are almost the same as those for the granitic and rhyolitic rocks near the study area (Terakado and Masuda, 1988; Terakado and Fujitani, 1995) . One river sample (SYK-1) shows an abnormally high Gd value (Table 2 ; Fig. 8a ). The Gd anomaly has been reported to be of anthropogenic origin because Gd chelates are known to be used as NMR contrast agents in medical use (e.g., Bünzli and Choppin, 1989) . Anthropogenic Gd anomalies in river waters were first recognized by Bau and Dulski (1996) , and also have recently been reported for the river and seawater samples from the Tokyo region in Japan (Nozaki et al., 2000) . The Mitarashi river sample (MIT-1) has an almost flat chondrite-normalized REE pattern with small Ce and moderate Eu anomalies. The groundwater sample from the Mikage area shows a relatively flat overall REE pattern with large negative Ce and moderate Eu anomalies (Fig. 8b) .
The seasonal variations in major components of the MO-series samples show that PO 4 3-and NO 3 -concentrations are relatively high in the summer and autumn, and low in the winter and spring (Table 1 ). The REE patterns for MO-2 (July) and show similar patterns, though overall REE concentrations are higher in the February sample (MO-5) (Fig. 6) .
In Fig. 9 , the Ce anomalies are plotted against Fe and NO 3 concentrations and pH. The magnitude of the Ce anomaly is expressed as Ce/Ce*, where Ce is the chondrite-normalized value of the measured Ce concentration, and Ce* is the interpolated chondrite-normalized value of the La-Nd linear line of the REE pattern. The Ce/Ce* values (Terakado and Masuda, 1988 ) from the Hyogo Prefecture in which the study area is included. Masuda et al. (1973). decrease roughly with decreasing Fe contents, and with increasing NO 3 -and PO 4 3-contents. The Ce/ Ce* vs. NO 3 plot (Fig. 9b) shows that samples MO-2 and -5 have relatively high NO 3 concentrations due to the seasonal variations described above.
Fig. 8. Chondrite-normalized REE patterns for (A) the river waters, and (B) for the groundwater from the Mikage area. Normalizing values are taken from

DISCUSSION
Major components and their relationships
Major element compositions and their mutual relationships indicate involvement of weathering processes in producing those groundwaters. In weathering processes, detrital minerals in the aquifer interact with water containing carbonic acid. For example, the weathering of K-feldspar can be expressed as:
This reaction is consistent with the rough correlation between K and HCO 3 -concentrations (Fig.  4) . Similar reactions for plagioclase and biotite can explain the correlations of Ca, Na, and Mg with HCO 3 - (Garrels, 1967) . Fe contents in groundwaters are strongly affected by redox states in the aquifer. Because solubility of Fe(OH) 3 is substantially lower than that of Fe(OH) 2 , Fe content in groundwater diminishes under oxidizing conditions via precipitation and subsequent filtration of Fe(OH) 3 during groundwater flow (e.g., Sumikawa, 1990) . Conversely, under reducing conditions, Fe 2+ contents in groundwater are elevated by decomposition of Fe-hydroxides. The highest Fe concentration observed is about two orders of magnitude higher than that of the Syuku-river water, suggesting that dissolution of Fe-hydroxides occurred under reducing conditions. Such groundwaters probably originate from deeper parts of the aquifer, because water from wells penetrating deeper than the bottom of the Miyamizu aquifer contains abundant Fe and ammonium (Taoka, 1974) . On the other hand, the low Fe group tends to have lower Fe contents than that of the Syuku-river, and can be considered to have been subjected to precipitation of Fe-hydroxides under oxidizing conditions, probably attained at shallow oxidizing parts of the Miyamizu aquifer.
Fluorine contents are also divided into two groups, i.e., high and low F types (Fig. 4) . It is known that river and groundwaters having high F -contents occur near the study area (Tsurumaki and Sakuramoto, 1985) . Tsurumaki and Sakuramoto (1985) demonstrated that F -contents in the river waters from the Mt. Rokko area correlate well with F -contents of granitic rocks from the adjacent localities where F -is concentrated in biotite. Consequently, the high F -waters of the study area may be due to biotite weathering. However, the high F -samples belong to the high Fe group in this study, suggesting that F -has combined with Fe-hydroxides, replacing the OH -ions.
Phosphorus behavior
The samples having low Fe contents tend to have high PO 4 3-concentrations (Table 1) , suggesting the significance of Fe compounds in phosphorus behavior as has been previously suggested (Horne and Goldman, 1994; Drever, 1988; Williams et al., 1971; Krom and Berner, 1981; Murphy et al., 2001; Gao and Mucci, 2001) . One possible mechanism for this behavior is as follows: phosphorus dissolved in water is coprecipitated with Fe hydroxides such as Fe(OH) 3 under oxidizing conditions in the former estuary region of the Syuku and Mitarashi rivers, and then altered to strangite: 
or, if strangite remains in the sediments for a long time, it should transform into vivianite. Vivianite has a low solubility product (K sp = 10 -36 ; Nriagu, 1972) , but can be dissolved in association with the precipitation of FeS which also has a low solubility (K sp = 10 -18.3 ; calculated from free energy data):
If reaction (4) occurred, PO 4 3-contents should positively correlate with Fe contents, but our data show the reverse. On the other hand, if reaction (5) occurred, PO 4 3-contents should negatively correlate with Fe contents, which is consistent with our data. However, in our data sets, PO 4 3-concentrations positively correlate with NO 3 -and broadly with K. Given that NO 3 -, PO 4 3-and K are nutrients, the high P feature may be related to organisms such as plankton and algae. This is more evident for the seasonal co-variation of PO 4 3-with NO 3 -observed in the MO-series samples. The decomposition of organic materials can be expressed using the Redfield ratio (Redfield et al., 1963) This equation requires oxygen and will result in a correlation between NO 3 and PO 4 (e.g., Stumm and Morgan, 1996) . The observed NO 3 /PO 4 ratios (2.6 to 5.5) for the high nutrient samples are lower than the value (ca. 10.4) expected from the equation (6). It is known that N/P ratios of natural waters change depending on water types and their genetic situations (e.g., Schindler, 1977; Carpenter et al., 1992) . Therefore the observed N/P ratios are not unrealistic, suggesting decomposition of organic matter under oxidizing conditions is a possible mechanism causing the high P in these groundwaters.
Ce anomaly
Ce anomalies seen in REE patterns are generally ascribed to the oxidation of Ce(III) to Ce(IV) under oxidizing conditions (e.g., Schreiber et al., 1980; Elderfield and Greaves, 1981; German and Elderfield, 1989; De Baar et al., 1988; Moffett, 1990 Moffett, , 1994a Moffett, , 1994b German et al., 1991 German et al., , 1995 Schijf et al., 1991 Schijf et al., , 1995 Sholkovitz and Schneider, 1991; Kagi and Takahashi, 1998; DeCarlo et al., 1998; Akagi and Masuda, 1998; Takahashi et al., 2000) . De Baar et al. (1988) reported drastic changes in Ce anomalies at the oxic/anoxic tran-sition in the seawater column at the Cariaco Trench, and interpreted these data by using Ce speciation calculations for the seawater and the CeO 2 stability field on the pe(Eh)-pH diagram. Akagi and Masuda (1998) examined the thermodynamic conditions necessary for the appearance of negative Ce anomalies in water systems assuming that three species, Ce 3+ , CeO 2 and Ce 2 (CO 3 ) 3 , are dominant in water. They specified the Eh-pH region in which Ce anomalies in water will appear, and proposed a method to calculate the magnitude of the Ce anomaly. For an aqueous medium, they used two calculated from free energy data of Schumm et al. (1973) , compiled by Brookins (1983) (cf., Garrels and Christ, 1965) . The magnitude of the Ce anomaly is then expressed by:
. (8) Moreover, from the constraints deduced by Akagi and Masuda (1998) , it is important that the Ce anomaly does not appear in the Eh-pH region where the activity of Ce 3+ is regulated by the solubility of Ce 2 (CO 3 ) 3 rather than by that of CeO 2 , so that all of the Ce acts as Ce 3+ (Fig. 10) . Furthermore, the vertical boundary separating the Ce 3+ and Ce 2 (CO 3 ) 3 fields is the Ce saturation line with respect to trivalent REE carbonate, i.e., Ce 2 (CO 3 ) 3 , and on the higher pH side of this line, the Ce anomaly will occur only when Ce supersaturation is allowed with respect to REE carbonates. Note that the no Ce anomaly line shifts in the direction of lower Eh with lowering P CO 2 , and the Ce saturation line shifts to the higher pH side with lowering P CO 2 . The Ce anomaly region therefore expands to include lower Eh and higher pH values as P CO 2 decreases.
Examples of Ce anomaly lines calculated using a typical Ce activity of [Ce* 3+ ] = 10 -10 and P CO 2 = 10 -3 are shown in Fig. 10 . The boundary between ferric hydroxide and ferrous iron for [Fe 2+ ] = 10 -6 is also indicated according to Garrels and Christ (1965) . Although we do not have Eh data for the Miyamizu groundwaters, a plausible Eh-pH position for the groundwaters was given by Garrels and Christ (1965) ("G" in Fig. 10 ), and this is located almost on the boundary lines for Fe 2+ -Fe(OH) 3 and the Ce anomaly lines. This critical position is consistent with the variable Fe concentrations and variable Ce anomaly observed in the present study. At around the point G, the lower Eh waters are expected to have no Ce anomaly and higher Fe contents, while higher Eh waters should have relatively large Ce anomaly and lower Fe contents caused by the precipitation of Fe-hydroxide. Indeed, the negative Ce anomalies increase roughly with decreasing Fe contents (Fig.  9a) .
The Ce anomaly also correlates with NO 3 -content (Fig. 9b) , a finding which can be easily explained by redox changes. In general, NO 3 -content is affected by redox conditions (e.g., Stumm and Morgan, 1996; Canter, 1996) . The variations of NO 3 -and Fe contents are also consistent with the previous observations that the groundwaters from the deeper wells tend to contain large amounts of ammonium and Fe 2+ ions (Taoka, 1974; Sumikawa, 1990) .
The Ce/Ce* value also negatively correlates with the pH (Fig. 9c) . Strong dependence of pH rather than Eh (pe) for Ce redox states is expected from the reaction in Eq. (7), which is also shown in Fig. 10 . Thus the Ce anomaly in groundwaters is largely controlled by pH change rather than by redox change. In the present study, the pH change in the groundwaters is basically caused by supply of oxidized water to FeS 2 -bearing reduced sediments as (e.g., Stumn and Morgan, 1996; Deutsch, 1997) :
This relationship is supported by the correlation between pH and SO 4 2-for the samples having pH < 7.5 (Fig. 5) . In Fig. 9c , the samples having pH < 7.5 do not show an obvious correlation between pH and Ce/Ce* values, and their Ce anomalies are relatively small. This is consistent with the no Ce anomaly region being on the lower pH side of position "G" in Fig. 10 . On the other hand, the shallower aquifer lacks FeS 2 -bearing sediments, and thus, despite its oxidizing condition, pH values for the groundwaters are relatively high. Such oxidizing and higher pH conditions are consistent with larger Ce anomalies as demonstrated in Fig. 10 . Schijf and Byrne (1999) recently demonstrated that the stability constants describing the complexation of Ce 3+ with F -ions are anomalous compared to the corresponding stability constants for complexation of La and Pr with F -ions. They also speculated that if anomalous stability constants for Ce extend to other ligands (e.g., CO 3 2- Akagi and Masuda (1998) (CO 3 ) 3 ) . "G", "Streams" and "Ocean" are intended to show typical Eh-pH positions of groundwaters, stream waters and seawaters, respectively (Garrels and Christ, 1965). appears to be a significant complexer of these metals in most natural waters), then it is entirely possible that some Ce anomalies reported in natural waters reflect differential complexation behavior of Ce compared to its nearest neighbors in the lanthanide suite, as well as redox conditions. However, in the present study, the Ce anomalies do not correlate with F -concentrations. An important point is that the Ce anomalies of the Miyamizu groundwaters are not particularly large in comparison to those of the river waters, a possible source of the groundwaters (see Figs. 6 and 8) . If the REE (including Ce) of the groundwaters are inherited from original river waters, similar magnitudes of Ce anomaly should be observed. However, the observed Ce anomalies for the groundwaters are relatively small, and some of them nearly lack Ce anomalies altogether. This phenomenon suggests that the REE in the groundwaters originate from sedimentary materials, and the contribution of the river water is negligible. In other words, most of the REE dissolved in the groundwaters are supplied by leaching of the sediments composed of sands and gravels, derived from the local granite, which do not have Ce anomalies (Terakado and Masuda, 1988; Terakado and Fujitani, 1995) . Smedley (1991) and Johannesson et al. (1999) also proposed similar aquifer models with this pattern of signatures to explain the origin of negative Ce anomalies for metamorphic and carbonate rock regions, respectively.
Heavy REE enrichment
The heavy REE enrichment seen in the chondrite-normalized REE patterns is a prominent characteristic of the Miyamizu and related groundwaters. In order to examine the extent of heavy REE enrichment, a measure of the heavy REE inclination is defined as (log(Lu) Nlog(Sm) N )/9, i.e., the average slope of the Lu-Sm curve. The heavy REE inclination correlates broadly with Ca and Mg and negatively correlates with Fe concentration (Fig. 11) . In Figs. 11(a) and (b), the heavy REE inclinations increase with increasing Ca and Mg concentrations apart from two data points for the highest Fe samples. The Ca and Mg contents of most of the groundwaters are higher than that of the river water, suggesting a larger extent of water-rock interaction for these groundwaters.
During water-rock interaction, REE abundances in the groundwaters are controlled by the following two processes: (1) enrichment of REE by leaching, and (2) depletion of light REE by coprecipitation or adsorption with solid materials. The REE mobility during water-rock interaction processes in the aquifer can be assessed for several published cases of hydrothermal alteration and weathering processes (Alderton et al., 1980; Humphris, 1984; Schieber, 1988; Marsh, 1991; Nesbitt and Markovics, 1997; Braun et al., 1998; Aubert et al., 2001) . However, the light/heavy REE fractionations are not conspicuous in these cases, and such significant light/heavy REE fractionation is restricted to a particularly extreme case of acidic hydrothermal alteration (Terakado and Fujitani, 1998) . However, in some cases, middle-to-heavy REE enrichment was reported. For example, Nesbitt and Markovics (1997) examined weathering profiles of granodioritic crust, their data showing a broad pattern of slight enrichment of middle and heavy REE in the clay zone. Aubert et al. (2001) investigated fractionation and migration of REE in a granite-derived soil system located in a small catchment of the Vosges Mountains, and middle-to-heavy REE enrichments were found in suspended load of the stream with respect to the source granite.
Many processes may be involved in aquifer water-rock interaction, such as adsorption on the surface of various particles, co-precipitation, and complexation in the solution. The adsorption may play an important role for the cause of the light/ heavy REE fractionation, because the REE fractionation patterns for the particle-related cases resemble the fractionation pattern observed in the present study.
The incorporation of REE into particulate materials has been identified in many previous studies of sea, river and ground waters (Byrne and Kim, 1990; Nozaki et al., 2000; Sholkovitz, 1992; Johannesson et al., 1999; Kuss et al., 2001) . Nozaki et al. (2000) , for example, reported REE abundance ratios between 0.45 µm-filtered and unfiltered portions of two river water samples and ratios between 0.04 µm and 0.45 µm filtered portions of two seawater samples. When these ratios are plotted against atomic numbers, the light REE are almost flat having values around 0.1 and 0.5, respectively. However, the ratios increase significantly from middle REE (Sm or Eu) to Lu, up to values of about 0.65 and 1.2, respectively.
Moreover, some inorganic ligands tend to form stronger heavy REE complexes compared to light REE (Cantrell and Byrne, 1987; Wood, 1993; Lee and Byrne, 1993; Millero, 1992; Byrne and Li, 1995) . Johannesson et al. (1999) calculated the composition of REE species for Oasis Valley groundwaters using the methods of Millero (1992) and the computer program PHREEQE (Parkhurst et al., 1980) . They showed that bicarbonate complexes dominate over carbonate complexes in the waters examined, and all other REE species accounted for less than 1% of the total dissolved REE concentrations. Lee and Byrne (1993) suggested that REE phosphate complexes such as LnPO 4 0 may be important in groundwaters. Johannesson et al. (1999) also modeled the percentages of LnPO 4 0 complexes in total dissolved Nd, Gd and Yb using a PO 4 content of 0.3 µmol/kg, the detection limit, calculating values of 0.1%, 0.15%, and 0.12%, respectively. In the present study, the REE contents do not correlate with phosphorus contents, suggesting that REE phosphate complexes may not be important here. As pointed out by Johannesson et al. (1999) , although formation of stronger carbonate complexes with increasing atomic number should be a basic mechanism providing greater sorption affinity for the lighter REE to the aquifer materials, particle/water fractionation is necessary for causing the light/ heavy REE fractionation patterns.
One important finding is that, in order to produce the steep heavy REE inclination, both a supply of REE from sedimentary materials and the scavenging of light REE are required. As waterrock interaction proceeds, concentrations of REE, major cations and HCO 3 -in the water will increase according to the reactions such as given in Eq. (1) (Fig. 4) . A broad correlation can in fact be seen on the Lu vs. HCO 3 -diagram (Fig. 4) , although light REE do not correlate with HCO 3 -. Therefore, a combination of REE enrichment and light REE scavenging seems to be a plausible cause of the significant light/heavy REE fractionation.
Genesis of the high phosphorus and low iron groundwater
Throughout the discussions in the previous sections, four major processes have been identified which regulate the chemical compositions of the groundwaters from the southern Nishinomiya district: (1) dissolution of minerals, (2) decomposition of organic matter, (3) precipitation of FeMn hydroxides under oxidizing conditions and dissolution under reducing conditions, and (4) trace element coprecipitation with particulate matter and their removal from the water. The combination of these processes can explain the observed characteristics of the groundwaters in this study.
If the decomposition of organic materials can supply PO 4 3-and NO 3 -to the groundwater, the fine sand bed with dark gray color seated at the bottom of the Miyamizu aquifer is a likely source of the nutrients to the overlying sandy gravel layer acting as the Miyamizu aquifer conduit. This fine sand bed contains organic materials, thin layer of Fe-hydroxides and in some parts shallow seashells (Sumikawa, 1990) . Moreover, the groundwaters from wells penetrating beneath this bed have high Fe and NH 4+ contents (Taoka, 1974) . Thus, the groundwater flowing through the Miyamizu aquifer supplies O 2 to this organic-rich fine sand bed, and PO 4 3-and NO 3 -are leached out into the overlying groundwater. During groundwater flow through the Miyamizu aquifer, various cations are leached and Fe concentration decreases by precipitation of Fe-hydroxides. On the other hand, the oxygen penetrating into the fine sand bed is used for oxidation of FeS 2 to produce Fe 2+ , SO 4 2-and H + ions. Such high Fe, SO 4 2-and low pH water flowing under the fine sand bed corresponds to the high Fe groundwaters. In both cases, the water-rock interaction supplies REE to the water, and the light REE are scavenged by adsorption onto the particles, resulting in significant fractionation between light and heavy REE abundances.
Although the above model explains the data we have presented, the reason for the restricted occurrence in this area of high P and low Fe groundwaters remains unclear. If plankton and seaweed deposited in the ancient inlet sea or estuary area were the source of the high P, similar Miyamizu-type groundwater should be observed more widely. Given that many areas exist underlain by marine deposits at shallow depths, it is strange that high P and low Fe groundwaters are generally not found in Japan. For example, in the Osaka plain area, the coastline about 4000-5000 years ago was located a maximum of about 20 km landward from the present coastline, and a relatively large marine inlet existed in comparison to that in the Miyamizu area (Kajiyama and Ichihara, 1986) . However, Miyamizu-type groundwaters have not been found in this area. One possibility is that the low permeability fine sand bed containing organic materials at sufficiently shallow depths plays an important role. Moreover, the permeability of the overlying Miyamizu aquifer permits the groundwater flow required to supply oxygen and to filter the Fe-hydroxides. The moderately permeable Miyamizu aquifer can effectively filter particles including Fe hydroxides, which results in low Fe contents and significant fractionation between light and heavy REE. Leaching of P from the fine sand bed may also require moderate groundwater flow rates.
We finally note that phosphorus contents in the Syuku-river water are about one order of magnitude higher than those in ordinary river waters. Aoki and Yoneda (1996) reported total-P contents for 31 river water samples from the KobeNishinomiya region, and their results show relatively high P contents for the Syuku-river waters: total-P contents for the upper and lower Syukuriver waters are 0.265 and 0.488 ppm, respectively, whereas most of the other waters are less than 0.1 ppm. Although the cause for such high P contents remains unclear, high P contents in the river waters may promote the deposition of organisms in the ancient marine inlet, resulting in the formation of organic-rich and high P beds in the area.
CONCLUDING REMARKS
Four major processes for the formation of the groundwaters from the southern Nishinomiya district were identified: (1) mineral dissolution, which can explain alkalinity, Ca, Na, K, and Mg variations, as has been pointed out for weathering processes, (2) precipitation of Fe-Mn hydroxides under oxidizing conditions and their dissolution under reducing conditions, (3) decomposition of biogenic materials, supplying PO 4 3-and NO 3 -to the groundwaters, and (4) trace element scavenging by coprecipitation with particulate matter.
The slope of the chondrite-normalized heavy REE profiles negatively correlates with Fe content and positively correlates with Ca and Mg contents. The steep heavy REE slope can be explained by a combination of REE supply by weathering processes and selective scavenging of the light REE. Such scavenging might have been caused by adsorption onto surfaces of particulate material, the filtration of which can effectively occur by groundwater flow.
The Ce/Ce* value positively correlates with Fe content, and negatively correlates with NO 3 -and pH. These findings indicate the occurrence of redox changes during the genetic processes. The oxygen supply from the shallow oxidizing aquifer to the relatively deep reducing aquifer can give rise to decomposition of Fe sulfides such as FeS 2 , resulting in a decrease in pH and an increase in Fe content. The lower pH and reducing state of the relatively deep aquifer is consistent with the very small Ce anomaly and low NO 3 -contents. On the other hand, the oxidizing conditions in the shallower aquifer generate a larger Ce anomaly, low Fe and high NO 3 -. The organic materials that decompose easily under oxidizing conditions can supply NO 3 -and PO 4 3-. In the oxidizing aquifer, Fe contents decrease via precipitation of Fe-hydroxides. These two processes provide a possible mechanism for producing high P and low Fe groundwaters. One explanation for the restricted occurrence of such peculiar groundwater to the southern Nishinomiya district is the existence of an organic rich bed, seated at relatively shallow depths, and overlain by a permeable aquifer which can provide an adequate groundwater flow rate.
